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lm  Radiation  Transfer  and  Charge  Particle  Transport  in  Gases 
Project  Coordinator:  Dr.  A.  V.  Phelps 
Radiative  Transfer  (Drs.  D.  G.  Hummer,  J.  Cassinelli,  J.  Castor,  and 

Mr.  P.  Kunasz) 

Radiation  hydrodynamics  in  spherical  geometry.  The  case  in  which  the 
gas  does  not  significantly  alter  the  radiation  field,  although  the  radi¬ 
ation  field  does  modify  tne  gas  flow,  is  studied  in  detail.  For  a  gravi¬ 
tating,  spherically  symmetric  configuration  of  gas,  the  basic  equations 
are 
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expressing  conservation  of  mass  and  momentum  and  the  first  law  of  thermo¬ 
dynamics  for  the  gas,  respectively,  where  p  **  density,  v  is  velocity, 

Pg  and  PR  are  the  Ras  and  radiation  pressure  and  E  is  gas  internal  energy. 

O 

Also,  G  -  gravitational  constant;  M,  the  stellar  mass,  o^  Stefans  constant; 
k,  the  true  absorption  coefficient.  The  momentum  and  energy  equations  in¬ 
volve  moments  of  the  radiation  field.  Convenient  equations  for  these  moments 
have  recently  been  derived  by  Castor  (unpublished)  from  the  radiative  transfer 
equation  in  a  moving  medium.  These  are 
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where  J,  H,  and  K  are  moments  of  the  intensity,  L  is  the  luminosity  and  o 
is  the  electron  scattering  coefficient.  The  flow  is  assumed  to  be  r.-  ial 
and  steady  state,  and  in  order  to  isolate  the  radiation  -  gas  dynamics  inter¬ 
actions,  the  run  of  mean  intensity  is  prespecified  to  be  that  of  freely  stream- 
ing  radiation,  falling  off  as  1/r  .  The  radiative  luminosity  is  approximately 
constant  with  r  and  is  assumed  identically  constant  in  its  effect  on  the 
radiative  pressure  gradient 
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The  atmospheres  arc  parameterized  by  the  ratios  1)  radiation  pressure 

grad lent /gravity,  T  and  2)  absorptive  opacity/electron  scattering  opacity, 

■c/o.  It  is  found  that  the  ratio  T  must  lie  very  close  to  unity  in  order 

for  the  sonic  point  rc  to  lie  reasonably  close  to  the  surface  bounding 

the  energy  sources.  The  effective  velocity  of  escape  is  related  to  the 

mean  thermal  velocity  at  the  sonic  point  by  2.14  <  [GM(1— r)/rc ] / (kT£/m)  s  3 

For  a  given  value  of  T  the  behavior  of  the  solutions  for  a  large  range  of 

ic/o  is  mapped.  Sec  Figures  1  and  2  showing  the  dependence  of  the  velocity 

and  temperature  distribution  on  k :/o,  in  these  figures  x  ■  r/r  .  .  For 

sonic 

tc/o  >  10  the  temperature  distribution  deviates  negligibly  from  that  in 

4 

radiative  equilibrium,  i.c.,  T  «  J.  As  </o  goes  to  smaller  values  the 
heating  by  the  radiation  field  is  less  effective  and  the  sonic  point  lies 
at  Increasingly  large  radii.  This  is  illustrated  in  Figure  3,  showing  the 
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Lncrease  in  gas  energy  with  increasing  radius.  The  calculation  of  the  sub¬ 
sonic  branch  of  the  solution  requires  use  of  a  two-point  boundary  value 
technique  to  satisfy  the  requirement  that  the  solution  approach  the  usual 
static  behavior  at  the  base  of  the  atmosphere  and  be  transonic  farther  out. 

These  solutions  provide  good  initial  trial-solutions  for  the  more 

general  problem  involving  radiative  transfer  coupled  to  the  gas  dynamics 
equation. 

Radiative  transport  in  a  doublet.  As  a  continuation  of  the  study 
of  radiative  transport  phenomena  of  interest  in  laboratory 
situations,  we  have  analyzed  in  detail  the  case  in  which  the  upper  state 
of  the  transition  in  question  is  an  atomic  doublet.  The  two  levels  of  the 
doublet  are  collisionally  coupled.  The  gas  is  assumed  to  be  confined  between 
two  parallel  walls  and  is  illuminated  in  the  wavelengths  of  the  two  lines 
by  a  radiation  field  with  a  prescribed  wavelength  dependence.  At  present 
non-radiative  transport  is  not  taken  into  account,  and  the  emission  and 
absorption  coefficients  are  assumed  to  have  a  common  frequency  dependence, 
which  is  specified  in  advance.  By  the  use  of  a  generalized  discrete  ordinate 
method,  the  distribution  of  excited  atoms  in  the  two  levels  of  the  doublet 
are  calculated,  as  well  as  the  emergent  radiation  field. 

The  code  has  been  checked  extensively  and  is  now  ready  for  use.  This 

calculation  should  be  useful  in  determining  the  rate  at  which  collisions  mix 
the  levels  of  the  doublet. 


FIGURE  1  Temperature  vs. 


FIGURE  2 
Velocity  v*.  x 
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Scattering  and  Transport  of,  Resonance  Radiation  (Drs.  A.  V.  Phelps  and 

1  i 

J.  Jenklnd) 

'  *  ! 

I  . 

:  During  the  period  of  this  report  we  have  continued  our  experimental 

■  •  i 

program  designed  to  accurately  determine  the  line  profiles  of  the  first 

resonance  doublet  of  potassium  at  the  moderately  high  densities,  i.e., 

1A 

10  to  10  atom/ cm  ,  characteristic  of  our  planned  scattering  and 

t  , 

fluorescence  measurements.  The  line, profiles  are  obtained  by  computer 
analyses  of  measured  absorption  profiles  so  as  to  correct  for  the  effect 

i 

1  .  • 

of  the  Instrument  profile  of  the  monochromator.  In  the  wavelength  range 

between  0.4  and  10  X  f  votf  line  center  the  corrected  line  profiles  arc 

i 

found  to  be  proportional  to  (b\)  as  expected  for  a  dominant  dipole- 
dipole  Interaction  between  the  atom  excited  to  the  resonance  state  and  a 

I 

ground  state  atom.  The  line  broadening  parameters,  i.e.,  the  frequency 
i  full  width  at  half  maximum  divided  by  the  nominal  atom  density,  determined 
for  the  wings  6f  the  line  in  these  measurements  arc  in  good  agreement  with 

I  ‘  '  1* 

the  vnlues  measured  near  linn  center  by  Lewis,  Rcbbcck  and  Vaughan. 

Figure  4  shows  a  comparison  of  our  measured  absorption  profile  for  the 
7665  X  line  with  that  predicted  using  the  line  center  data  and  our  measured 

i  i 

Instrument  profile.  Bt.causc  of  the  presence  of  a  relatively  large  density 

i  1 

of  rubidium,  roughly  5Z,  in  the  nominally  99.999%  pure  potassium,  we  plan 
to  make  measurements  of  the  product  of  the  atom  density  and  the  oscillator 

S 

1  I 

strength  using  the  specular  reflection  technique.  Using  known  oscillator 

strengths  for  the  resonance  transitions  we  can  determine  the  potassium 

! 

density. 

* 

References  arc  listed  at  the  end  of  each  section. 
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Apparatus  is  being  ordered  for  the  cw  laser  scattering  measurements 
of  the  redistribution  in  frequency  which  occurs  upon  reradlation  of 
absorbed  photons. 

1.  E.  L.  Lewis,  M.  M.  Rebbeck  and  J.  M.  Vaughn,  J.  Phys.  B:  Atom.  Molec. 
Phys.  4,  741  (1971). 


WAVELENGTH  FROM  LINE  CENTER,  aA(A) 

.  FIGURE  4 

Comparison  of  the  measured  and  theoretical  fractional  transmission 
profile  of  the  potassium  D2  line  (X  ■  7665X)  at  a  potassium  density 
of  2.9  *  10*^  cnT"*.  •  Measured  profile  +  Calculated  profile 
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Plasma  Spectroscopy » (pf.  j.  Cooper) 

The  results  obtained  with  the  parallel-plate  accelerator  for  Stark 

broadening  of  Ar  II  and  Ca  II  lines  by  electrons  have  now  been  published.* 

The  Ca  II  data  (although  in  agreement  with  theory)  was  in  disagreement  with 

most  other  experimenters  (except  one  by  a  French  group  at  a  different 

temperature);  however,  recent  results  by  H.  Griem  and  coworkers  (to  be 

published)  have  confirmed  our  results: 

The  C-strap  theta-pinch  continuum  light  source  is  now  providing  a  very 
2 

satisfactory  continuum,  and  we  have  recently  established  that  it  is  feasible 
to  do  absorption  spectroscopy  on  ionized  species.3  Preliminary  results  of 
spectra  of  C  II  and  Si  II  have  been  obtained. 

Tables  of  hydrogen  line  profiles4  using  the  unified  theory  are  now 
complete.  Theoretical  profiles  are  in  excellent  agreement  with  recent 
experiments  of  Wiese,  Kelleher,  and  Pagueke  of  NBS  Washington  (to  be  published). 
Major  differences  with  previous  calculations,  even  in  the  regime  where  the 
impact  approximation  is  valid,  have  been  traced  to  a  mistake  which  recurred 
in  the  other  work  (see  Ref.  4  for  details). 

Theoretical  work  on  neutral  atom  broadening  is  continuing,  with  special 
emphasis  being  placed  on  the  use  of  realistic  potentials  and  the  inclusion  of 
m-mixing.  A  consistent  formulation  of  the  redistribution  of  radiation  in  the 
presence  of  collisions  has  been  obtained  in  the  impact  regime.3  This  work 
clarifies  the  role  of  the  lower  state,  and  the  differences  between  elastic 
and  inelastic  collisions.  Polarization  effects  and  magnetic  fields  are  also 
included. 

1.  J.  G.  Hildum  and  J.  Cooper,  Phys.  Letters  36A,  153  (1971). 

2.  J.  S.  Hildum  and  J.  Cooper,  Rev.  Sci.  Instr.  (in  press). 

3.  J.  S,  Hildum  and  J.  Cooper,  JQSRT  (in  press). 

4.  C.  R.  Vidal,  J.  Cooper  and  E.  W.  Smith,  Ap.  J.  Suppl.  (to  be  published). 

5.  A.  Omont,  J.  Cooper  and  E.  W.  Smith,  Ap.  J.  (in  press). 
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atability  of  Discharges  in  Weakly  Ionized , Gases  (Drs.  L.  Oster  and 

A.  V.  Phelps) 

The  objective  of  this  theoretical  project  is  to  investigate  quanti¬ 
tatively  the  factors  which  control  the  growth  0f  instabilities  in  weakly 
ionized  gas  discharges,  such  as  used  in  high  power  molecular  lasers.  In 
particular,  we  are  developing  theories  applicable  to  the  thermal  insta¬ 
bilities  which  result  in  a  decrease  in  gas  density  and  a  consequent  increase 
in  the  rate  of  power  input  and  of  ionization.  The  importance  of  such  con¬ 
siderations  has  recently  been  emphasized  by  Basov  et  al.^  Our  efforts 
during  this  report  period  have  been  limited  to  a  more  careful  formulation 
of  the  theory.  We  expect  to  be  able  to  begin  numerical  calculation  soon 
after  the  beginning  of  the  new  contract  period  in  July. 

1.  N.  G.  Basov  et  al.,  JETP  Letters  !U,  285  (1971). 

Plasma  Statistics  (Drs.  W.  E.  Brittin  and  W.  R.  Chappell) 

Dr.  Chappell  has  continued  in  his  studies  of  the  interaction  of 
radiation  and  matter.  At  present  he  is  working  with  a  graduate  student 
on  the  problem  of  Dicke  narrowing  of  cyclotron  radiation  from  plasmas. 

The  hope  is  that  such  an  effect,  if  observed,  could  be  used  to  test  various 
collision  models  for  plasmas  and  give  another  way  to  measure  diffusion 
constants.  A  paper  with  R.  H.  Williams  "Microscopic  Theory  of  Conduc¬ 
tivity  of  a  Weakly  Ionized  Plasma"  has  been  accepted  for  publication  in 
Physics  of  Fluids.  Dr.  Chappell  gave  a  talk  on  this  work  at  the  Division 
of  Plasma  Physics  Meeting  in  Madison  in  November.  He  also  gave  a  talk  on 
"Kinetic  Theory  of  Partially  Ionized  Gases"  at  the  A.P.S.  Meeting  in 


San  Francisco  in  January. 
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Dr.  Brlttin  Is  continuing  with  his  work  on  a  theory  of  composite 
particles.  He  has  made  some  significant  advances  in  developing  a  theory 
which  correctly  includes  the  proper  symmetries  of  the  atoms. 


I 


I 
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II-  Ionization  Kinetics  and  Reaction  Rates  ^  : 

Project  Coordinator:  dr.  W.  C.  Lineberger 

« 

Ionizat Ion . Klne tics  (Dr.  W.  C.  Lineberger,  Mr.  R;  A.  Beyer  and  1 

Mr.  T.  A.  Patterson) 

During  the  last  six  months  our  major  'emphasis  has  been  placed  on 
studies  of  negative  ions  of  noble  metals  and  the  interpretation  of1  near- 

I  , 

threshold  photodetachment  data  in  terras  of  the  electron-atom  final  state  1 
interactions.  We  have  been  greatly  aided  by  the  addition  if  Dr.  Harmut 

I 

Hotop  to  our  group  as  a  Postdoctoral  Research  Associate.  Dr.  Hotop,  a  i 

gifted  experimental  physicist  from  the  Physikalisches  Institut  der  Uni^- 

..  ' 
versitat  Freiburg,  receives  his  support  from  the  German  National  Science 

'  I 

Foundation.  1  !  '  , 

I 

Our  standard  arc  negative  ion  source  has  iproven  to  provide  a  copious 
current  (~  100  nA)  of  Se  when  seeded  with  a  small  quantity  of  SeO^-  Fig¬ 
ure  5  shows  our  photodetachraent  data  for  Se".  From  these  data  one  can 
determine  EA(Se)  -  2.0201  ±  ,0003  cV,  and  that  the  1  2?1/2  -  2P3/2''  fine  ' 

structure  splitting  in  the  negative  ion  is  2279  ±  2  cm-1.  These  values 

1 

represent  the  first  accurate  measurements  of  this  system  and,  by  comparison 
with  lsoelectronlc  extrapolations,  indicate  that  one  can  predict  electron 
affinities  and  term  splittings  of  Column  VI  atoms  relatively  well.  A  de¬ 
tailed  study  of  the  Se"(2P3/2)  *  Se(3P2)  +  'e(k)  threshold  shows  deviations 
from  the  o  «k  threshold  energy  dependence  at  5  millivolts  above  threshold. 
Here  k  is  the  momentum  of  the  ejected  electron.  These  deviations  from 

t 

! 

the  Wigner  threshold  law  can  be  explained  on  the  basis  of  ah  extension1  of 


1 


I 


I 


,  -13- 


O'Malley^s  treatment  of  long  range  forces  in  the  photodetachment  process, 
i  Thus  we  obtain  the  following  expression  for  the  near,  threshold  photodc- 

ii  • 

tachment  of  p  bound  p  electron.  • 

i  1 

o  ~  kv[l  +  j  ak2  £n  1.23^  k  +  <yVa  A  -  A*  +  Arp())  k2  -  y  a  Ak3] 


where  a  is  the  polarizability  of  the  atom,  v  is  the  frequency  of  the 

light,  A  is  the  scattering  length  characterizing  the  interaction  of  an 

■  3  t 

s  wave  electron  with  the  Se  atom,  and  rpQ  is  an  effective  range 

parameter  assumed  to  be  smaller  thah  A.  A  least-squares  fit  of  our  data 
to  this  formula  yields  a  value  for  A  of  -5^8  i  1  atonic  units,  and 
’indicates  that  it  is  possible  to  obtain  elastic  scattering  cross  sections 
from  threshold  photodetachment  data.  We  hope  to  apply  these  techniques 

t 

to  O',  in  order  to  obtain  an  independent  estimate  of  tfie  low  energy 

.  • 

I 

elastic  scattering  cross  section  for  elcctr&ns  on  atomic  oxygen.  These 

9  I 

latter  data  are  needed  for  a  better  estimate  of  the  radiation  emitted  by 

an  oxygen  plasma.  • 

« 

"  .  1 

We  have  developed  a  very  siuple  source  of  metallic  negative  ions 

i  1 

based  upon  the  sputtering  process.  We  have  already  obtained  10  n/V  beams 

.  _  I  ' 

of  Au  ,  Ag  and  Pt  ,  and,  based  upon  an  analysis  of  the  source  performance, 

,  1  ' 

we  should  be  able  to  obtain  nanoampere  negative  ion  beams  of  any  metal 

1 

whose  electron  affinity  exceeds  30  meV.  Figure  6  shows  the  Au”  photo- 

I 

detachment  cross  section  together  with  the  relevant  energy  levels.  These 

h 

data  represent  the  first  high  resolution  observation  of  photodetnehment  of 

•  •  ' 

a  bound  s  electron,  and  demonstrate  the  validity  of  the  WLgncr  threshold 


I 


14 


ncm  3 


So)*  hv— *Au(*Sft)+e‘ 
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law  for  this  rase.  In  addition  wa  find  EA(Au)  -  2.310  t  .001  cV,  which 
should  ba  cospared  with  an  extrapolated  alactron  affinity3  of  2.8  i  .1  aV. 
Proa  thoaa  and  other  pralialnary  aaaauraaenta  on  Pt“  and  Ag“,  it  la  claar 
tha  extrapolation  techniques,  which  work  wall  for  the  Coluan  VI  atoaa  are 
in  serious  error  for  all  transition  aatals.  These  studies  of  aatal  ions 
will  bo  continued  and  extended  in  tha  next  reporting  period. 

1.  H.  Hotop,  T.  A.  Patterson  and  V.  C.  Llnebargar  (to  ba  published). 

2.  T.  F.  O'Halley,  Phys.  Rev.  |37,  A1668  (1963). 

3.  R.  J.  Zollweg,  J.  Chea.  rhys.  30,  4231  (1969). 


J1U  Information  Analysis  Center  (  Or.  i..  J.  Rlaffar) 

A  manuscript  entitled  bibliography  of  Ion-Molecule  Reaction  Rata  Oats" 
by  George  A.  Plnnott  has  been  submitted  for  publication.  It  will  appear  as 
an  MRS  Special  Publication  available  from  the  Superintendent  of  Documents. 
Pt£llcat  Ion  of  this  bibliography  ends  our  efforts  In  this  area. 

a 

With  tha  assistance  of  tha  JtlA  Information  Analysts  Center  a  Workshop 
on  Dissociation  of  Stable  Molecules  is  being  planned  for  March  16  and  I),  19)2. 
Speakers  and  program  have  been  rresgul. 

A  project  to  critically  rtvlew  Information  on  tha  energy  levels, and 
cross  sections  for  populating  them  by  electron  Impact,  for  aolecolar  rsygen 
was  Initiated  by  Dr.  Msrrls  Krause.  %U  Washington.  Dr.  1.  J.  Kleffer  ***/ 
JthA  and  R.  D.  Hudson  WM  are  participating  In  this  review. 
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Assistance  was  given  to  Or.  A.  V.  Phelps  In  his  attest  to  obtain  s 
best  set  of  N2  cross  sections  for  use  In  User  modeling  end  nodding  of 
other  devices  Involving  low  pressure  Ionised  gases.  Date  have  been  conpllcd 
end  compared  where  possible.  Oats  sets  will  now  be  used  to  predict  the 
values  of  electron  rate  coefficients  as  deduced  fro*  swam  experlnents.  A 
best  data  set  will  be  chosen  on  the  basis  of  knowledge  of  the  reliability 
and  accuracy  of  the  basic  cross  section  dAta  and  their  ability  to  predict 

the  "correct-  values  of  rate  coefficient  as  deduced  fro*  electron  swam 
data. 

An  extensive  compilation  of  electron  swam  data  and  a  complete 
bibliography  of  these  data  by  J.  Dutton  la  still  being  prepared.  It  Is 
expected  this  manuscript  will  be  subdued  for  publication  during  the  next 
reporting  period.  It  vlll  be  published  In  the  Journal  of  Physical  ^ 
Chmlcal  **feT£oceja4ja. 


Molecular  Dissociation  Processes  (Dr.  L.  J.  Suffer) 

This  project  ha*  temporarily  been  suspended  due  to  the  lack  of  a  research 
assistant  or  postdoctoral  personnel.  During  the  nest  sis  month*  It  Is 
expected  that  additional  data  on  dissociative  Ionisation  and  pair  fcrnat Ion 
of  Oj  will  be  taken  and  the  results  written  up  for  publication,  Preliminary 
results  for  these  two  processes  were  discussed  In  the  last  semiannual  report. 


Electron  Transport  and  Jonlxatlon  Coef f lclenta  (Dra.  C.  E.  Chamberlain. 

—  ( 

L.  J.  IClef fer  and  A.  V.  Fhelpe) 

Thla  (•  a  new  project  Initiated  In  reaponae  to  the  need  for  more  reliable 
electron  tranaport  coefficient  and  electron  CKcltatlon  and  lonliatlon  rate 
coefflclenta.  Such  coefflclenta  are  easentlal  for  the  prediction  of  the 
performance  of  tat  discharge  devlrea  and  systems,  auch  a*  electron  beam 
auttalned  lasers.  Our  flrat  teak  la  the  determination  of  a  complete  aet 
of  rotational,  vibrational  and  electronic  excitation  croaa  aectlona  for 
low  energy  electron#  In  !tj.  Kltrogen  la  a  major  constituent  In  many  high 
power  Ia»i«  and  In  the  ataoapherv.  Xew  experimental  data  regarding 
electron  excitation  of  toiatlonal  and  electronic  »tatee  L=*e  become  available 
alnce  the  flrat  attempt  to  obtain  auch  a  act  of  croaa  aectlona  under  the 
aupcrvlalon  of  one  of  u«  (AVT)  about  10  year#  ago.  Our  objective  la  to 

a 

revlae  the  croaa  aectlona  for  electron*  In  *j*ae  ee  to  be  a*  consistent 
aa  poaalble  with  these  mv  data  vhlle  requiring  consistency  with  electron 
tranaport  data  appropriate  to  electrical  discharge*.  The  calculation* 
carried  out  thus  far  them  that  when  the  new  excitation  croaa  section*  are 
used  there  ere  small  but  significant  discrepancies  between  taper Inental 
and  calculated  lonleatlen  rate  coefficient*.  are  currently  reexamining 
the  accuracy  of  the  measured  lenleatlen  coefficient  data. 

Aa  a  result  of  Inquiries  from  various  laser  development  groups  ve  hsve 
carried  out  a  short  reevalustlon  of  electron  transport  coefficient  and 
attachment  crus*  section  data  In  *a .  Ve  note  that  according  to  the  only 
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available  data,  obtained  prior  to  19)0,  tha  rata  of  electron  energy  lota 
in  HCt  for  electrons  of  about  0.S  cV  it  ouch  larger  than  for  any  other  gaa 
studied.  If  theae  data  are  correct  it  suggest*  that  vibrational  excitation 
cross  sections  in  ltd  are  very  large.  This  Mans  that  Nd  night  be  useful 
in  electric  discharge  lasers  provided  one  can  over com  the  loss  of  electrons 
and  HCi  aolecules  by  dissociative  attachoent. 
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1 1 1  *  £.t#£iigR-fa«>..r£y  to>»r»  anti  Atonic  Interaction  Theory 

Project  Coordinator t  Or.  £.  C.  Booty 
TWejjcal  Ajosjc  Pb/fUi  (Dr*.  0.  C.  Mumaer  and  J.  Co  .tor) 

Hu^t|chann»LfM8nt«g^d»f tct  theory.  The  quantum  defect  theory 
rnnaects  the  problem  of  sca*terlng  of  electron*  by  petit  I ve  ions  with  the 
properties  of  th*  bound  *t*te*  of  the  »•**  *y»tea.  In  the  simplest  case* 

It  may  be  uted  to  calculate  portlet  eUotlc  scattering  cross  oectlotv*  given 
spectroscopic  dote  for  the  bound  otote*.  In  aore  complicated  systems  It 
provide*  o  t*>an#  of  u*lnS  theoretical  scattering  colculotlon*  to  estimate 
the  energies  of  end  obtain  approximate  v*ove  function:  for  excited  bound 

state*,  so  that  one  can  coaput*  otclllator  strengths  and  phutolonltotlon 
cross  tcctlon*  for  sttth  stale* . 

In  the  present  Investigation  a  coablnatlon  of  theoretical  calculation* 

•nd  experimental  data  was  used  to  obtain  th*  electron  scattering  as  a 
function  of  energy  for  the  system  C°  ♦  *.  The  Ion  C°  has  tuo  too-lying 
term,  2s  and  2p,  separated  by  0.1  Ryd  and  the  next  loves t  term  2.4  Ryd 
•hove.  All  observed  terms  of  C*2  are  derived  from  those  tv©  loves t  terra 

a)  i 

of  C  and  only  these  terms  ver*  taken  Into  account.  Por  the  S  states  and  the 
three  channel  cases  up  to  L  *  5,  as  veil  *•  for  the  tuo  channel  cases  up  to 
L  *  J,  the  scattering  problem  has  been  solved  using  the  Integro-dlfferential 
equation  method  at  energies  above  the  2p  threshold.  These  results  have  been 
supplemented  with  other  calculations  using  the  distorted  wave  ret hod  for  all 
cases  up  to  W  •  9. 

The  present  work  has  produced  an  essentially  complete  term  diagram  of 
C  111  up  to  L  *  S,  Including  the  autolonlalng  states  with  their  rates  of 
eutalemlcailen  as  well,  Th*  conf Igurac ion  mixing  coefficients  are  a  by-product 
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I 


of  this  calculation,  and  they  art  now  available  for  fueurc  uaa  in  Quantum 
Defect  H« thud  calculatlona  of  the  oeclllatof  strengths  and  £he  photo- 
lonlxatldn  croee  aectiona  for  excited  atatea. 


S 

JRlectxon^^xcitat_ion  Croat  Sect  ion* .  Thrae  calculatlona  have  been 


i 


completed  for  all  tranaitlona  aenng  the  firat  eleven  terns  of  K  111  and 

*  i 

the  firat  five  terns  of  X  IV  (thia  calculation  it  preliminary  to  one 

Involving  nineteen  term).  Configuration  Interaction  bound  atate  wave 

•  „ 

functlona  including  aix  conflgurationa  (2s22p,  2a2p2,  2p3,  2b23s,  2p3, 

2  2 

2a  3p,  2a  3d)  foi'  X  111  and  three  conflgurationa  for  X  IV  (2a2,  2a2p, 

2 

2p  )  for  X  IV.  The  corresponding  tenet  are  given  in  Table  1.  Scaled 
atatiatlcal  model  radial  wave  functions  were  used1  and  the  scattering 

t  - 

calculation  was  performed  using  the  unltaflaed  Distorted-Wave  Approximation. 

TV 

The  collision  strength  for  each  transition  waa  obtained  at  aix 


energies,  from  which  the  de-excitation  rate  constant  |E.  > 

I  * 


v/V  •  |  Vk?  * w  +  £i  -  V 

1  e 


-V/kT 


e 


waa  evaluated  using  a  highly  efficient  and  accurate  apllne-intcrpolatlon 
technique.  The  result  for  103  STS  105  la  written  in  the  form 


•i-J^e3  *  Te"^  *  1  lo*io<10’A  Tc> 


where  P(x)  is  a  low  order  polynomial.  The  corresponding  excitation  rate 

constants  are  easily  obtained  from  the  familiar  detailed  balance  relation. 

»  '  ' 

Electric  dipole  and  quadrupolc  absorption  oscillator  strengths  obtained  from 
the  bound  state  functions  appear  in  Table  2.  If  better  oscillator  strengths 


» 


I 
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become  available  for  the  iHpolc  transitions,  the  collision  rate  constants  for 
the  corresponding  transitions  should  be  scaled  by  the  ratio  of  the  new 
values  to  those  tabulated  in  Table  2. 

1.  W.  Eissner  and  H.  Nussbauraer,  J.  Phys.  B:  Atom.  Molec.  Phys.  2.  1028 
(1969). 


TABLE  1 


Level  # 

N  III 

N  IV 

1 

2s22p  2P 

2s2  *S 

2 

2s2p2  4P 

2s2p  3P° 

3 

2D 

lP° 

4 

2S 

2p2  3P 

5 

2P 

6 

2P3  V 

7 

2D° 

8 

2s23s  2S 

9 

2p3  2P° 

10 

2s23p  2P° 

11 

2s23d  2D 
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Transition 

TABLE  2 

f(el) 

106  f(e2) 

1-3 

N  III 

.133 

1-4' 

.102 

1-5 

.44 

1-7 

.960 

1-8 

.0280 

1-9 

.182 

1-10 

6.64 

1-11 

.453 

2-7 

.171 

3-4 

.0139 

3-7 

.208 

3-8 

.333 

3-9 

.144 

3-10 

.00349 

3-11 

.632 

4-9 

.200 

4-10 

.0179 

4-11 

2.60 

5-7 

.179 

5-9 

.265 

5-10 

.00495 

7-9 

.0341 

7-10 

.00107 

7-11 

.00078 

8-9 

.00065 

8-10 

.81869 

8-11 

8.80 

9-11 

.00020 

10-11 

.443 

N  IV 

1-3 

.634 

1-5 

1.14 

2-4 

.248 

3-5 

.213 

3-6 

.164 

5-6 

.04i 

0468 
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Atomic  Ineraction  Theory  (Drs.  S.  Geltman  and  D.  W.  Norcross) 

Coulomb-projected  Born  approximation  The  application  of  this  approxi¬ 
mation  to  the  2^S  and  2^P  excitation  of  helium  by  fast  electrons  has  been 
completed. 1  The  results  are  in  fair  absolute  agreement  with  the  experi¬ 
mental  findings  of  Opal  and  Beaty,  and  orders  of  magnitude  better  than 
the  usual  Born  approximation  at  large  angle  scattering  (Fig.  7).  The 
remaining  discrepancy  between  the  present  theory  and  experiment  is  probably 
due  to  inaccuracies  in  our  atomic  wave  functions  and  the  fact  that  200  eV 
is  still  too  low  an  energy  (the  theory  is  expected  to  be  valid  at  higher 
energies).  The  limiting  high  energy  dependence  for  all  non-forward  angles 

_3 

is  again  found  to  be  E  ,  as  was  the  case  for  hydrogen  atom  excitation. 

This  is  in  marked  contrast  to  the  Born  values  of  E  ^  and  E  ^  (for  s  -*■  s 

and  s  -*•  p  excitations,  respectively).  A  simple  physical  interpretation 

-3  daif 

of  the  E  dependence  is  obtainable  by  regarding  ■  to  be  the  product 

of  the  Rutherford  differential  cross  section  for  the  elastic  scattering  of 

-2 

the  electron  by  the  nucleus  (~  E  )  and  the  semi-classical  probability  for 

excitation  by  an  electron  on  this  Coulomb  trajectory  (  ~  E  ^). 

We  are  now  attempting  to  apply  the  present  approximation  to  the 

ionization  of  hydrogen  by  electron  impact.  The  integrals  involved  become 

much  more  complicated  than  in  the  excitation  case  and  more  numerical 

integration  is  necessary.  The  quantity  of  interest  is  the  triply  differen- 

3 

tial  cross  section  d  a/dQ  dft  dE  ,  where  dO  and  dft  are  the  elements  of 

e  e  e 

solid  angle  for  the  scattered  and  ejected  electrons  and  dEg  is  the  element 

of  energy  of  the  ejected  electron.  Generally  fi  and  Eg  are  held  fixed  and 
3 

the  resulting  da  is  depicted  in  a  polar  plot  as  a  function  of  0  .  A 
comparison  of  theory  and  experiment  for  this  quantity  is  a  much  more  sensi¬ 


tive  test  than  is  the  total  ionization  cross  section. 


FIGURE  7 

Differential  cross  section  for  11S->21P  transition  at  200  eV. 
Present  approximation  (solid  curve),  Born  approximation 
(dashed  curve),  and  experiment  (open  circles — Opal  and  Beaty). 


1 


1  1 

Electron  scattering  and  photoionization.  Calculations  of  low  energy  i 
2 

elastic  scattering  for  Na  have  been  extended  up  to  5  eV  incident 
electron  energy  and  have  been  performed,  in  both  the  two-  and  four-state  1 

1  i 

close-coupling  approximations,  with  results  in  excellent i agreement  with 

3  4  1 

recent  experiments.  ’  These  results  also  indicate  that  the  previously 
reported  disagreement  with  experiment  at  low  energies  cannot  be  attributed 
to  lack  of  convergence  in  the  calculations,  the  two-  and  four-s'tate  results 
being  nearly  identical  at  low  energies.  A  similar  four-state  calculation 

I 

I 

for  Li  is  contemplated,  as  there  remains,  a  serious  disagreement  between 

‘5  /  1 

previous  two-state  calculations  and  experiment.  The  IMPACT  code  of 

•  1 

I  1 

Prof.  M.  J.  Seaton,  rather  than  the  present  program  will  be  used,  at  a 
considerable  saving  in  computer  time.  , 

As  an  aid  to  studies  of  electron  scattering  by  the  heavier,  one  electron 
systems  the  target  models  are  being  tested  by'comparison  of  calculated  and 

i 

!  J 

available  experimental  photolonlzatlon  cross  sections.  The$e  are,  in  princi- 

1 

pie,  relatively  simple  calculations,  and  the  bross  sections  are  themselves 

\ 

of  intrinsic  interest.  These  cross  sections  are  known  to 'be  strongly 
influenced  by  core  polarization  and  the  spin-orbit  effect,  particularly  for 
cesium,  which  is  currently  being  studied.  Preliminary  results  have  served 

•  1  i  . 

to  help  discriminate  between  two  conflicting  experimental  studies  of  the 

1  i  g 

spin-orbit  effect  in  cesium  photoionization,  and  a  report  on  t^Jis  work 
has  been  readied  for  publication.  A  complete  calculation  of  ithe  photo¬ 
ionization  cross  section  for  cesium,  is  underway.  Preliminary  results  ^or  1 

.  i 


I 
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Mg*  indicate  that  tha  core  polarization  affect  is  important  for  this 
species,  for  which  no  cxperlaental  results  are  available. 

i 

Having  obtained  reliable  target  Models  for  calculations  of  electron 

I  •  " 

scattering  by  Mg  ,  Ca  ,  and  Ba  ,  the  IMPACT  code  and  the  techniques  dia- 

»  »|  1  * 

cussed  above  will  be  used  to  conpute  the  photoloniza’lon  cross  sections 

9 

of  Mg,  Ca  and  Ba.  Only  the  second  of  these  is  reliably  known,  and  will 

I 

serve  as  a  useful  check  on  the  work. 

•  3 

"  »  • 
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Electron  Energy  U>iih  (Drs.  E.  C.  Italy  and  J.  Hauer) 


Data  on  differentia)  Ionisation  eroaa  section*  have  not/  been  prepared 
for  publication.  Data  on  helium  have  been  published  In  Rhys.  Rev.  A1  with 
•  complete  evaluation  of  reliability  of  experimental  procedures.  A  complete 
tabulation  of  all  the  data  has  been  prepared  for  publication  In  Atonic  Data 
(previously  available  as  J1LA  report  108). 

Modifications  of  equipment  are  being  made  to  permit  reducing  son*  of 
the  uncertainties  and  an  extension  of  these  Measurements.  An  additional 
stage  of  differential  punping  is  being  added  to  permit  a  wore  highly 
collimated  molecular  beam.  The  electron  gun  support  Is  being  rebuilt  to 
permit  measurements  at  smaller  angles.  Also  a  second  electron  detector 
mill  be  added  to  permit  measurement  of  all  the  dynamic  variables  relevant 
to  Ionisation. 

l.  W.  K.  Peterson,  C.  C.  Reaty  and  C.  R.  Opal,  W»ys.  Rev.  A  £,  712  (1972). 


IV.  Electron-Mon  CoH1»I©m 
rrojMi  CoorlfiMtor  i  Or.  f.  J.  S*|(h 

Ilia nan AptLEg*** < ** iba  (»*»•  r.  t.  u*n«  *©d  c.  n.  owm) 

thl*  ©»ptrlncnt  ntploy*  wappiPi  of  lost  In  *  4c  ©lectrtc  **4  no*- 
®#ilc  field  tvnf Igurnt Ion  10  coUUImi  ©f  th##e  ion*  vlih 

oihcr  ^riiclti.  tn  punlcwlir  dlt«eci*ttve  rec c«4imiIm)  ©f  the*©  loo* 
wUb  N«omrgtilc  electron*  will  W  Inmilgii©)  mr  «n  electron  mrgf 
rnng©  from  0  to  *mut  «V. 

Slgnlflcnnt  grcftii*1  H*»  U««  tt*de  during  (h«  rrfxjtilRg  for!©*.  Iom 
M©©  bee©  tr*|?*d  «M  oh»©rv©d  with  {««4  *  Un*l-i©-o©l*e. 

Fl*«r©  ft  ihm  a  *cna  of  *  trapped  l*a  with  m»i  II.  (IK©  *can  r* ro*©4er 
!•  (rigwRty.  The  fxzV  occur*  at  «N*  r(  iuh  Jt  In  the 

K*m»nfc  elect  ro*tatlc  veil).  Trapping  llfotl**  Km  K<««  ebevn  I©  he 
|rc*(«r  then  5  Hour*,  <iW  the  number  of  Im«  I*  aWwt  10*. 

flfur#  •  diWMimti  roco*hla*t Ion  of  tb«*©  Iom  with  el*ct tom.  to 
riS*r«  9*  **»  electron  current  of  1.2  *  |0“*  A*p  with  *Kwt  0.5  #V  nrrgy 
bMbarded  tU<*  ir*ff*4  Ion*  Martin*  *t  ©bowl  50  #©e.  tn  (Kl»  flet  the 
Integral  water  tK©  ten  peat  l»  *h*v«  n  ©  function  of  line,  *n 4  It  1*  >«<* 
tK#t  Ion#  dlMg^rr  vltK  «  character!*! Ic  decajr  lie©  ©Her  th©  electron* 
nr©  intrdweed. 

In  figure  IK  electron*  vltK  15  tin©*  higher  energy  (I.)  ©V)  *r»  Intro- 
4ot*4  vltK  n  correepcnilngly  higher  current  (to  keep  »p*(r  charge  ellect* 

and  v©  see  ihi  the  recombination  cro**  tectien  I*  email  tnn# 
nt  thli  t**rpr  that  no  depletion  of  Ion*  I*  dtemd. 
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tfilajl  lit#  (#<ttfif{*#  io  »IhIui»  c(«m  mitwi  t#{*itt#o 

ImvIHi#  of  it*  g***tip  **4  opoit*!  illoit  tt**i  too  of  too*  fo  iH#  ir«p. 

To  oooowtv  lit  to*  #  **f*Jti  Otomopliroo  taMl#  oulitpltor  to  feolft*  pt*'*4 
01  wo  «»J  of  it*  IMP,  *a4  the  (top  ottiMtp  "itli#4*  to  (Ml  #*4.  too* 
orlll  M  trt***i«4  ool  of  it*  (top  ooio  0*  tvott*.  tc*»  toplftpio*  c*  |M 
ftoiii  iurfKt  of  it*  iwtitpttcr  vlll  ptc*#c*  tv*  mm  p«t»*o  mi  ih*  hit 
otto*#  petti  loo  to  (fee  SY  fU#t  to  ib*  iom  **  |K»  p>*tt*t  Ira.  tf*t*g  # 
r#*toitv«  oool#  for  iK*>  owlitpltot .  pit**  Mlplti  tttitut,  iM  r*4ut 
fltirihllM  of  (M  foot  COO  It#  fMtmt*»4  Vflk  4  tttolllliM  of  0  C*X*\ 

(*#t  tog  lit#  IrpJfl  pot  tog  (Mt  device  K*o  Woo  tittwlttg  otoog  Villi  ItlfttM 
Ol#<(tOOtC»  oof  *0  «l#C(fOO  too  deliver  tog  0  •tatpt?  fMNttg  Woo  I# 
loot  (It#  Ittkt 

OvtftMly  (M  t*«(twn**1  t«  brim  “fUttwl  #p’  pilot  I*  olotllog 
o#ttr«o  MMvtMMi.  |«ptmim»(»  ote  Utog  tot*  to  ift*«  pw*p>|#g  tut  p.o* 
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*  #P  olocifoo  oofttp  of  «Imi  ?  »f  *•<  trfili  m  <r*#t®p  molmlMi 

of  0.0)0  *V. 
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iLksmisss^m  * 

froject  C^f^lMuri  A.  C.  C«ll*gH«r 
C*lllfifn*l  toil  «t  In  Or.  A.  C.  C*IU|tor) 

IV  liur#cil(!«  ftutiliU  Ur  citlwi  l»ur«u(»|  vltli  it*  Inert 
l*««i  Mt»  N«d  «4(*tic4  frsn  ik  ittollM  of  fitrnt#  vIm  coot! mm  roll- 
ntleo  TM  <♦*»««►  *ffwn  fttmUU  »t#  in  figure  10.  A  report  of 

till*  enl  Mi  Wen  mMIttM  for  f<*Vllc*tloo. 

tV  Fi^fint«i  Mi  Me  teen  loterfnccd  vltl  ce*fot*r  control  *n4 
noAtoreoent*  of  tW  t«M4lwVrt  fii  tptctrvn  nr*  proceeding 
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<»*•  J.  lull  and  Kr.  «.  A.  knMtt) 
li<|  (Mi  period  th*  majtr  effort  hi*  been  Invested  In  fine-tuning 

■ 

lh*  apparatus  and  In  getting  good  data  f or  10".  At  the  uncertainties  of 
(H*  line  center  nod  line  strength*  data  project  directly  Into  uncertainties 
In  r#  and  w#  for  the  negative  ion  atete.  It  was  decided  to  try  to  Inprove 
the  symmetry  of  the  electron  anal  yeer  function.  (The  opt  I  nun  analyxer 
potentials  depend  on  the  contact  potentials  of  the  surface,  and  quite 
possibly  these  have  drifted  over  the  last  year  or  so  since  the  previous 
adjustnents  ) 

It  proved  possible  simultaneously  to  Inprove  the  symmetry  of  the 
analyser  function  as  troll  as  to  Inprove  the  absolute  counting  rate  and 
ratio  of  counting  rates  (laser  on/laser  off).  Thus  very  good  data  for 
line  center  determination  could  be  obtained.  These  data,  after  coopuicr 
fitting,  taken  along  with  the  angular  distribution  data  previously  ob¬ 
tained  by  Kr.  henoett ,  should  allow  complete  determination  of  the  properties 
**  ^  •  An  additional  new  facet  of  this  work  Is  the  presence 

of  an  observable  population  of  v  •  1  negative  Ions,  giving  good  conflr- 
ouilrr  of  our  w#  value.  The  use  of  Isotopic  substitution  to  Influence 
%  In  a  known  way  has  given  unique  corroboration  of  our  vibrational 
quantum  pusher  assignments.  The  !0“  problem  Is  currently  being  finished 
by  Nr.  lennett  as  his  th.t)  thesis. 

! 

The  and  Oj"  papers  were  returned  by  the  referee  for  Physical 

’  i 

Pcvjfu  with  some  Important  and  useful  consents,  particularly  concerning 
the  rotational  correction.  Dr.  A.  J.  Celotta,  although  he  has  now  left 
JtLA,  Is  collaborating  on  a  still  more  refined  calculation  of  the  effect 
of  finite  rotational  temperature  on  the  observed  vertical  dr'achnent  energies. 
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Wh«o  Mr.  lennett  la  completely  finished  with  the  experimental  part  of 

.  i  • 

»  *  * 

his  work,  we  plan  to  adapt  the  new  "sputtering"  negative  ion-  source, 
developed  at  JILA  by  Drs.  W.  C.  Llnebckger  and  H.  Hot op,  to  our  apparatus. 

ii.  1 

\h  should  be  able  to  provide  "survey  quality"  information,  say  ±  10  mV, 

*  *  *  * 

for  the  negative  ion  states  of  Pt,  Au,  Ag,  etc.  Very  possibly  negative 
alkali  beams  will  be  available  also  from  this  kind  of  source. 
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Listed  below  are  papers  submitted  for  publication  during  the  period 
covered  by  thi*  report.  Co-authors  not  connected  with  JILA  are  shown  in 
parentheses. 


R.  J.  Celotta,  R.  A.  Bennett,  J.  L.  Hall,  M.  W.  Siegel  and  J.  Levine, 

"Molecular  photodetachment  spectrometry  II.  The  electron  affinity 
of  O2  and  the  structure  of  02“,"  submitted  to  Phys.  Rev.  A. 

W.  R.  Chappell  (and  R.  H.  Williams),  "Microscopic  theory  of  a  weakly 
ionized  plasma,"  to  appear  in  Phys.  Fluids. 

S.  Geltman,  "Applications  of  pseudo  state  expansions,"  in  VII  ICPEAC 

Invited  Talks  and  Progress  Reports  (T.  R.  Grovers  and  F.  J.  deHeer, 
Eds.,  North-Holland ,  Amsterdam,  in  press). 

M.  B.  Hidalgo  and  S.  Geltman,  "A  high  energy  approximation  III.  Helium 

excitation  by  electrons,"  to  appear  in  J.  Phys.  B:  Atom.  Molec.  Phys. 

W.  C.  Llneberger  and  T.  A.  Patterson,  "Two  photon  photodetachment  spec¬ 
troscopy.  The  C2  -  states,"  Chem.  Phys.  Letters  IJJ,  40  (1972). 

C.  B.  Opal  and  E.  C.  Beaty,  "Measurements  of  large  angle  inelastic  cross 
sections  in  helium,"  to  appear  in  J.  Phys.  B:  Atom.  Molec.  Phys. 

C.  B.  Opal,  E.  C.  Beaty  and  W.  K.  Peterson,  "Tables  of  secondary-electon- 
production  cross  sections,"  to  appear  in  Atomic  Data. 

W.  K.  Peterson,  E.  C.  Beaty  and  C.  B.  Opal,  "Measurements  of  energy  and 
angular  distributions  of  secondary  electrons  produced  in  electron 
impact  ionization  of  helium,"  Phys.  Rev.  A  5,  712  (1972). 

M.  W.  Siegel,  R.  J.  Celotta,  J.  L.  Hall,  J.  Levine  and  R.  A.  Bennett, 
"Molecular  photodetachment  spectrometry  I.  Affinity  of  nitric 
oxide  and  the  molecular  constants  of  NO-,"  submitted  to  Phys.  Rev.  A. 
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